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The current Universe is composed by a mixture of relativistic species, baryonic matter, dark matter
and dark energy which evolve in a non-trivial way at perturbative level. An advanced description
of the cosmological dynamics should include non-standard features beyond the simplistic approach
idealized by the standard cosmology in which cosmic components do not interact, are adiabatic
and dissipationless. We promote a full perturbative analysis of linear scalar perturbations of a
cosmological model containing baryons, dark matter and a scalar field allowing for the presence of
relative entropic perturbations between the three fluids. By including the latter feature we establish
a new set of equations for the scalar cosmological perturbations. As a consequence of this new
approach, we show that tiny departures from a constant scalar field equation of state wS = −1
damage structure formation in a non-acceptable manner. Hence, by strongly constraining wS our
results provide compelling evidence in favor of the standard cosmological model and rule out a large
class of dynamical dark energy models.
PACS numbers: 98.80.-k, 95.36.+x, 04.25.Nx:
Introduction - The dynamics of matter fluctuations
in the expanding Universe is the key element in theo-
ries of cosmic structure formation. According to the cos-
mological standard model, a matter-dominated phase of
sufficient duration is required to account for the growth
of initially small inhomogeneities in the early Universe
into the currently observed highly nonlinear matter ag-
glomerations. Indeed, the electromagnetically observed
matter distribution in galaxy catalogues describes the
distribution of baryonic matter. The growth rate of
baryonic matter perturbations depends on the compo-
sition of the cosmic substratum. For successful structure
formation it is a crucial feature that after recombina-
tion baryonic matter perturbations fall into the poten-
tial wells of dark-matter (DM) fluctuations. As soon as
some form of dark energy (DE) comes to dominate the
cosmic dynamics the impact of this component on the
baryon fluid has to be considered. The details of this
impact depend on how the unknown DE component is
modeled. In standard ΛCDM cosmology the baryonic
matter growth (driven by the DM overdensitites) is at-
tenuated through the modified (due to the existence of a
non-vanishing cosmological constant) homogeneous and
isotropic background dynamics. By definition, Λ is a
constant, i.e., it behaves dynamically as a homogeneous
fluid. The situation is different in dynamical DE mod-
els. Here, inhomogeneities appear quite naturally and
such kind of DE is intrinsically fluctuating. The problem
then is, how much potential DE inhomogeneities con-
tribute to the total energy-density perturbations of the
cosmic medium, equivalent to their influence on the grav-
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itational potential, and how much the baryonic matter
growth rate is influenced by the presence of DE pertur-
bations. Since different DE models predict a different in-
fluence on the perturbation dynamics, in particular also
a different influence on the growth rate of baryonic mat-
ter fluctuations, observational growth data may be used
to discriminate between competing dark-energy models.
In this letter we model the cosmic medium as a mix-
ture of three separately conserved perfect fluids, one of
them being pressureless baryonic matter. The remaining
two components represent different fluid configurations
of the cosmological dark sector. The first one describes a
generic component with vanishing sound speed, the sec-
ond one a general fluid component with a sound speed
equal to the speed of light. For our specific analysis the
first dark-sector component behaves in the background as
a fluid with constant equation of state (EoS) parameter,
the second one is the fluid representation of a scalar field
(SF) (quintessence or phantom) in CPL parametrization
[1]. This choice is sufficiently flexible to investigate devi-
ations from the standard model in different directions. A
three-fluid model is generally equipped with three four-
velocities which, in the general case, differ from each
other at the perturbative level, although in the homo-
geneous and isotropic standard-model background they
are assumed to coincide. With the help of the combined
energy-momentum conservation equations for the com-
ponents we clarify whether or not these differences are
relevant.
Our study differs from previous investigations by the
manner in which the pressure perturbations of the cos-
mic medium are determined. An appropriate modeling
of pressure perturbations beyond the purely adiabatic
contributions is crucial in order to close the system of
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2perturbation equations. The usual procedure to account
for non-adiabatic perturbations is to assume an effective
sound speed of the DE component as an additional pa-
rameter which, together with an EoS parameter for the
homogeneous and isotropic background, fixes the cosmo-
logical dynamics [2]. It turned out that this parameter
is difficult to constrain from available observational data
[3–6]. Alternatively, the use of the effective field theory
approach for dark energy [7] allows for an elegant ex-
ploration of the perturbative features detached from the
background expansion. One can also phenomenologically
parametrize the two independent functions of the grav-
itational potentials [8]. Results along these lines have
been recently reported by the Planck team [9] and mild
deviations from the standard cosmology are found.
Our focus here is on the circumstance that in a multi-
component medium there are not just intrinsic non-
adiabatic perturbations, modeled by an effective sound
speed of each of the components, but there appear non-
adiabatic relative perturbations which additionally con-
tribute to the total pressure perturbation of the cosmic
fluid even if each of the individual components is adia-
batic. (see [10–12]). This also means, the intrinsic non-
adiabatic contributions do not simply add up to the total
non-adiabatic pressure perturbation. The novel feature
of our approach consists in taking into account the entire
set of non-adiabatic perturbations in a three-component
cosmic medium and to explore the consequences for the
growth rate of matter perturbations. To describe the lin-
ear (subhorizon) perturbation dynamics we establish a
coupled system of equations for the total energy-density
perturbations (equivalent to a second-order equation for
the gravitational potential) and two first-order equations
for two relative perturbation variables. On this basis we
shall check to what extent the observed fσ8 data tolerate
small deviations from the standard ΛCDM model.
While the interplay between adiabatic and non-
adiabatic perturbations on superhorizon scales is well un-
derstood [13, 14], its role for late-time structure forma-
tion on scales well within the horizon does not seem to
have adequately studied so far.
Modeling the system - The cosmic medium is mod-
eled as a perfect fluid with the energy-momentum tensor
Tik = ρuiuk + phik , T
ik
;k = 0 . (1)
Here, ρ = Tiku
iuk is the total energy density and p =
1
3Tikh
ik is the total pressure with hik = gik + uiuk. The
four-velocity ui of the cosmic medium is normalized to
uiui = −1. The expansion scalar Θ ≡ ua;a is determined
by the Raychaudhuri equation which, in the absence of
shear and rotation, reduces to
Θ˙ +
1
3
Θ2 − u˙a;a + 4piG (ρ+ 3p) = 0, (2)
with u˙a = ua;nu
n being the fluid acceleration. The to-
tal energy-momentum tensor in (1) is split into a DM
component (subindex D), a SF component (subindex S)
and a baryonic component (subindex B), i.e., T ik =
T ikD + T
ik
S + T
ik
B . Each of these components is supposed
to have a separately conserved perfect-fluid structure as
well, i.e., T ikM ;k = 0 with M = D,S,B. In general, the
four-velocities uiM of the components are different from
each other and from the total four-velocity ui. DM is
characterized by an EoS parameter wD ≡ pD/ρD where
wD is a constant. For the SF we use an effective fluid
description with an effective EoS parameter wS ≡ pS/ρS
which is supposed to cover both quintessence and phan-
tom configurations. Finally, the baryons are modeled as
pressureless fluid with an EoS pB = 0.
In the spatially homogeneous and isotropic background
all four-velocities are assumed to coincide: uaM = u
a.
Under this condition the energy-conservation equation
for the DM can be integrated
ρD = ρD0 a
−3(1+wD), (3)
where a is the scale factor of the Robertson-Walker met-
ric with its present value a0 normalized to a0 = 1. For
the fluid representation of the scalar field we use the CPL
parametrization wS = w0 + w1 (1− a) with the help of
which the energy-conservation equation can be solved ex-
plicitly:
ρS = ρS0a
−3(1+w0+w1) exp [3w1 (a− 1)]. (4)
Indeed it is always possible to find a scalar field potential
which reproduces a given cosmological expansion [15].
For the baryons we have pB = 0 and ρB = ρB0a
−3. With
the explicitly known energy densities of the components
the Hubble rate is determined by Friedmann’s equation
3H2 = 8piGρ = 8piG (ρD + ρS + ρB) .
Cosmological perturbations - Scalar metric per-
turbations are described by the line element (in the lon-
gitudinal gauge)
ds2 = − (1 + 2φ) dt2 + a2 (1− 2ψ) δαβdxαdxβ . (5)
The perturbed time components of the four-velocities are
(first-order fluid quantities will be denoted by a hat sym-
bol) uˆ0 = uˆ
0 = uˆ0M = uˆM0 =
1
2 gˆ00 = −φ. Our restric-
tion to scalar perturbations implies that the spatial com-
ponents of the four velocity are gradients of a scalar:
uˆα = v,α. Likewise, the scalar parts of the spatial com-
ponents of the components four-velocities are introduced
through uˆMα = vM,α. The definition of Θ yields
Θˆ = −k
2v
a2
− 3ψ˙ − 3Hφ, (6)
with similar expressions for the other components. Here,
k is the comoving wave number. At linear order the
components of the energy-momentum tensors simply add
which also establishes a relation between the perturba-
tions of the four-velocities. The comoving first-order
fractional energy-density perturbation δc ≡ ρˆcρ , where
3δc ≡ δ + ρ˙ρv and δ ≡ ρˆρ , obeys the second-order equation
δc′′ +
[
3
2
− 15
2
p
ρ
+ 3
p′
ρ′
]
δc′
a
−
[
3
2
+ 12
p
ρ
− 9
2
p2
ρ2
− 9p
′
ρ′
]
δc
a2
+
k2
a2H2
pˆc
ρa2
= 0, (7)
where pˆc ≡ pˆ + p˙v denotes the comoving total pressure
perturbations. The symbol prime “ ′ ” means a derivative
with respect to the scale factor. Non-vanishing pressure
perturbations are a characteristic feature of dynamical
dark energy. In the standard ΛCDM model there are
no pressure perturbations. Equation (7) is the result of
the energy-momentum conservation equations combined
with the Raychaudhuri equation. The gauge-invariant
quantities (superscript c) are defined with respect to the
total four-velocity of the cosmic medium. Since there
is no EoS of the type p = p(ρ) for the medium as a
whole, there appears a coupling to the dynamics of the
components via the (gauge-invariant) comoving pressure
perturbation pˆc. If there were a relation p = p(ρ), Eq. (7)
would be a closed equation for δc. The absence of such
relation is equivalent to the existence of non-adiabatic
perturbations. Notice that it is this quantity δc which
appears in the Poisson-type equation for the gravitational
potential,
− 2
3
k2
H2a2
ψ = δc. (8)
Since we assumed a perfect-fluid structure of the medium,
there are no anisotropic stresses and ψ = φ.
Introducing non-adiabatic perturbations - If the
total medium were adiabatic, the pressure perturbations
would be given by pˆ = p˙ρ˙ ρˆ. The difference pˆ − p˙ρ˙ ρˆ char-
acterizes deviations from adiabaticity. The total non-
adiabatic pressure perturbation can be written in terms
of the contributions of the components. The (gauge-
invariant) non-adiabatic parts of the component are
pˆSnad ≡ pˆS − p˙S
ρ˙S
ρˆS , pˆDnad ≡ pˆD − p˙D
ρ˙D
ρˆD. (9)
It is convenient to define the (gauge-invariant) relative
perturbations
SBD ≡ δB − δD
1 + wD
, δB ≡ ρˆB
ρB
, δD ≡ ρˆD
ρD
(10)
and
SBS ≡ δB − δS
1 + wS
, δS ≡ ρˆS
ρS
. (11)
With the help of the fractional quantities ΩB ≡
ρB/ρ, ΩD ≡ ρD/ρ, ΩS ≡ ρS/ρ the comoving pressure
perturbation becomes
pˆc
ρ
=
p′
ρ′
δc + (1 + wD) ΩDPDnad + (1 + wS) ΩSPSnad
+
1 + wS
1 + w
ΩSUSBS +
1 + wD
1 + w
ΩDV SBD, (12)
where
PDnad ≡ pˆDnad
ρ (1 + wD) ΩD
, PSnad ≡ pˆSnad
ρ (1 + wS) ΩS
.
(13)
The quantities U and V are combinations of background
quantities:
U ≡ p
′
D
ρ′D
(1 + wD) ΩD − p
′
S
ρ′S
(ΩB + (1 + wD) ΩD) (14)
and
V ≡ p
′
S
ρ′S
(1 + wS) ΩS − p
′
D
ρ′D
(ΩB + (1 + wS) ΩS) , (15)
respectively. Further we have w = pρ = wDΩD + wSΩS
and
p′
ρ′
=
p′D
ρ′D
1 + wD
1 + w
ΩD +
p′S
ρ′S
1 + wS
1 + w
ΩS . (16)
Through relation (12) the dynamics of δc in (7) is cou-
pled to the relative perturbations SBS and SBD. We
consider δc, SBS and SBD to be the basic variables of
our perturbation analysis. Our aim will be to establish a
closed system of equations for these variables. So far, the
perturbation dynamics (neglecting temporarily our back-
ground specifications) is valid for any three-fluid system
with one of the components being pressureless. A con-
crete model is obtained by specifying the pressure per-
turbations of the components. This has to be done in the
rest frames of the components, which, in general, do not
coincide with each other and also not with the global rest
frame. The individual comoving pressure perturbations
are pˆ
c
D
D ≡ pˆD + p˙DvD for the DM and pˆ
c
S
S ≡ pˆS + p˙SvS
for the SF. The corresponding rest-frame energy densities
are
ρˆ
c
D
D = ρˆ
c
D − ρ˙D (v − vD) , (17)
for the DM and
ρˆ
c
S
S = ρˆ
c
S − ρ˙S (v − vS) , (18)
for the SF. Generally, the energy-densities of the compo-
nents in their own rest-frame do not coincide with the
energy-densities of these components measured in the
rest frame of the cosmic fluid as a whole. Obviously,
information about the velocity differences is required.
Dark-sector pressure perturbations - Any phe-
nomenological description of fluid perturbations needs
information about the sound speed of the medium. On
physical grounds the sound speed lies between zero and
one. To specify the model we firstly assume the DM to
be pressureless, i.e., pˆ
c
D
D = 0. The DM pressure pertur-
bation in its own rest frame is zero. This corresponds to
a vanishing effective sound speed of this component. It
follows that
PDnad = − p˙D
ρ˙D
ρˆ
c
D
D
ρD + pD
. (19)
4Secondly, for the SF we assume pˆ
c
S
S = ρˆ
c
S
S then
PSnad =
(
1− p˙S
ρ˙S
)
ρˆ
c
S
S
ρS + pS
. (20)
The SF pressure perturbation in the SF rest frame equals
the SF energy-density perturbation in this frame. This
represents the opposite case to that of the DM. Here the
effective sound speed is equal to 1. Our DM-SF model is
fully specified by the pressure perturbations PDnad and
PSnad together with the background equations of state
wD and wS . The requirement pˆ
c
D
D = 0 implies that the
velocity potentials vB and vD can be identified. To de-
termine PDnad and PSnad we have to know the energy-
density perturbations in the rest frames of the compo-
nents in terms of δc, SBD and SBS . Use of the conser-
vation equations reveals for the difference of the velocity
potentials
vD − vS = a
2H2
k2
· Y ·H−1 (21)
where
Y ≡
aS′BS − 3
(
1− p′Sρ′S
)
DcS
1 + 9a
2H2
k2
(
1− p′Sρ′S
)
(1+wD)ΩD+ΩB
1+w
(22)
with
DcS ≡
δc
1 + w
− (1 + wD) ΩD + ΩB
1 + w
SBS
+
(1 + wD) ΩD
1 + w
SBC . (23)
For perturbations well below the horizon scale k
2
a2H2  1
is valid. Under this condition all relations simplify con-
siderably since the velocity-difference terms become neg-
ligible. On these scales it is no longer necessary to dis-
criminate between the different rest frames. For scales
of interest here which are still linear until today and
at the same time big enough to represent typical large
scale structures say, of the order of k ≈ 0.1hMpc−1, the
present value of the factor k2/a2H2 is (restoring the units
appropriately) k2c2/H20 ≈ 1.8 · 105. Under these condi-
tions a closed system for SBD, SBS and δ
c can be derived.
For SBD and SBS we have
S′BD − 3
p′D
ρ′D
ΩB + (1 + wS) ΩS
1 + w
SBD
a
=
−3p
′
D
ρ′D
1
1 + w
[
δc
a
+ (1 + wS)
SBS
a
]
(24)
and
S′BS + 3
(
1− p
′
S
ρ′S
)
ΩB + (1 + wD) ΩD
1 + w
SBS
a
=
3
(
1− p
′
S
ρ′S
)
1
1 + w
[
δc
a
+ (1 + wD)
SBD
a
]
, (25)
respectively. Equations (24) and (25) are first-order
equations for SBD and SBS , respectively, in which δ
c and
SBS (or SBD, respectively) appear as inhomogeneities.
The total comoving pressure perturbation reduces to
pˆc
ρ
=
1 + wS
1 + w
ΩS (δ
c + Σ) , (26)
with
Σ ≡ (1 + wD) ΩDSBD−(ΩB + (1 + wD) ΩD)SBS , (27)
i.e., they are entirely given in terms of the energy-density
perturbations and the relative entropy perturbations.
There are some similarities between our setup and the
parametrization of perturbations via equations of state
in [16, 17] on the basis of a rather general scalar-field La-
grangian. In this approach, equations of state for the
entropy perturbation in terms of perturbations of the
density, the velocity and the metric perturbations are
introduced in order to obtain closed perturbation equa-
tions. What is different among others is the choice of
basic variables. In particular, the entropy perturbations
are basic dynamical quantities in our context and nei-
ther velocity components nor metric functions do appear
explicitly in the system of equations.
With the pressure perturbation (26) in terms of δc,
SBD and SBS , equation (7) for δ
c becomes explicitly
δc′′ +
[
3
2
− 15
2
w + 3
p′
ρ′
]
δc′
a
−
[
3
2
+ 12w − 9
2
w2 − 9p
′
ρ′
− k
2
a2H2
1 + wS
1 + w
ΩS
]
δc
a2
+
k2
a2H2
1 + wS
1 + w
ΩSΣ = 0. (28)
The relative perturbations SBC and SBS appear as inho-
mogeneities in the equation for δc. This equation has to
be solved together with (24) and (25). The set of equa-
tions (24), (25) and (28) represents a closed system for
δc, SBD and SBS . The baryonic matter perturbations
can be obtained as the difference ρˆB = ρˆ− ρˆD − ρˆS . The
result is
δcB =
δc + (1 + wD) ΩCSBD + (1 + wS) ΩSSBS
1 + wDΩD + wSΩS
. (29)
It is this quantity which through the solution of the cou-
pled system (24), (25) and (28) for δc, SBD and SBS
determines the growth rate of baryonic matter perturba-
tions. The results presented below are obtained from the
numerical solution of this set of equations.
We run Eqs. (24), (25) and (28) with initial condi-
tions for density fluctuation as given by the CAMB code
[18] in a standard PLANCK values cosmology at a high
redshifts. This implies to assume that the initial pertur-
bations are almost adiabatic, i.e., SBD ≈ 0 and SBS ≈ 0.
The mere multi-fluid structure of the medium requires
that there is always a small, non-vanishing admixture
of non-adiabaticity. Numerically, we found no difference
between the runs for SBD and SBS very small and zero
exactly. Our figures are obtained with purely adiabatic
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FIG. 1. Impact of DE perturbations on fσ8(z). The blue
region visualizes the departure from the standard wCDM cos-
mology (red) with Planck 2018 parameter values if small de-
viations of the order of ±10−3 around wS = −1 are admit-
ted. For comparison, the Planck 2018 results for a CPLCDM
model without non-adiabatic DE perturbations (green) is also
included. All cases assume a standard pressureless DM com-
ponent i.e., wD = 0. At high redshift, all curves show the
same asymptotic behavior.
initial conditions. While on superhorizon scales purely
adiabatic modes cannot give rise to entropy perturba-
tions [13], our present subhorizon dynamics is different.
In order to provide a measurable quantity to test
the evolution of matter perturbations calculated from
Eq. (29) we compute the growth rate f(a) = d lnδB/d
lna together with the variance of the matter density
distribution smoothed on spheres of radius 8h−1 Mpc,
σ8(a) = σ80 δB(a)/δB(a = 1). We have consistently
checked that δB indeed follows the evolution of the total
matter (baryons + DM) overdensity δm as in the stan-
dard cosmological scenario. A recent reliable data com-
pilation of the product fσ8(a) - a bias-free cosmological
observable - is found in [19] and is shown in Fig.1. The
blue region is obtained from Eq. (29) after solving the
set (24), (25) and (28). Its boundaries denote the limits
for deviations of the order of ±10−3 (for both w0 and
w1) from wS = −1. The predictions for a wCDM stan-
dard cosmology are represented by the red stripe (Ωm0
and w0 = −1.03 ± 0.03 [20]). In green we also include
the Planck 2018 results for a CPLCDM model in which
non-adiabatic DE perturbations are neglected. The same
Ωm0 value was used for all the models.
It is obvious from the Planck 2018 CPLCDM re-
sults (green region in Fig. 1) that upon neglecting non-
adiabatic DE perturbations variations in wS up to the
order of 10−1 seem to be permitted. This is no longer the
case, however, if relative entropic DE perturbations are
taken into account. Tiny deviations of the order of±10−3
from the cosmological constant behavior wS = −1 lead
to unacceptably large consequences for the growth rate.
This is the main result of the present work, equivalent
to a strong support for the standard ΛCDM model. The
0.0 0.5 1.0 1.5
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FIG. 2. Relative contributions of the different terms in Eq.
(26) to the total pressure perturbation. Stripes have been
obtained with the same parameter value range as in the blue
region of Fig. 1. The total pressure perturbation is given by
the black stripe which is the sum of the adiabatic contribution
(green) and the non-adiabatic contribution due to SBS (red).
The SBD contribution (orange) vanishes. All contributions
vanish asymptotically at high redshifts.
necessary accuracy in measuring wS demands a much
larger Figure of Merit in comparison to what current
cosmological surveys can reach. The individual contri-
butions of the quantities δc, SBD and SBS to the total
pressure perturbation are shown in Fig. 2 using the same
parameter value range as in the blue region of Fig. 1.
The black stripe corresponds to the total pressure per-
turbation i.e., the sum of the adiabatic (green) and the
non-adiabatic terms SBD (orange) and SBS (red). Since
baryons and DM have been considered pressureless, SBD
vanishes.
The obtained limits on wS are a consequence of prop-
erly considering both adiabatic and non-adiabatic pres-
sure perturbations. This demonstrates the importance of
taking into account relative perturbations in a theory of
cosmic structure formation, even though DE perturba-
tions δS are (almost) negligible. Indeed, while SBS turns
out to be a growing function of the scale factor for z & 1,
the DE perturbations δS remain always small since, from
(11), δS ∼ (1 + wS) . 10−3. This is consistent with the
well-known result that DE perturbations in dynamical
quintessence models remain small for an effective sound
speed of the order of 1 [21].
Via the derivative of the energy-density perturbations
in fσ8(z) these pressure perturbations directly influence
the matter growth as shown in Fig. 1. Our analy-
sis reveals that potential pressure perturbations due to
dynamical DE leave an imprint on structure formation
6which seems to be incompatible with current growth-rate
data.
Summary - We established the set of equations (24),
(25) and (28) to study the impact of adiabatic and
non-adiabatic pressure perturbations on matter cluster-
ing. We clarified the crucial role of relative perturba-
tions in the cosmic multi-fluid system. Quantifying the
consequences of potential pressure perturbations for the
matter growth rate allowed us to strongly constrain the
DE-EoS. An acceptable matter growth rate is achieved
only for |1 + wS | . 10−4. In practice this rules out
quintessence type dynamical DE models with wS 6= −1.
Note added: While finalizing this work we became
aware of the study [22] which corroborates our results.
Acknowledgments WZ acknowledges Conselho Na-
cional de Desenvolvimento Cientfico e Tecnolgico (CNPq)
for financial support under project APV 451916/2019-
0. JF and HV thank CNPq and Fundac¸a˜o de Amparo
a` Pesquisa e Inovac¸a˜o do Esp´ırito Santo (FAPES) for
partial financial support. HV also acknowledges par-
tial support from PROPP/UFOP. RH was supported by
Proyecto VRIEA-PUCV 039.449/2020. We acknowledge
fruitful discussions with Rodrigo vom Marttens.
[1] M. Chevallier and D. Polarski, Accelerating universes
with scaling dark matter, Int.J.Mod.Phys. D 10, 213
(2001); E.V. Linder, Exploring the expansion history of
the universe, Phys.Rev.Lett. 90, 091301 (2003).
[2] W. Hu, Astrophys. J. 506 (1998), 485-494
doi:10.1086/306274 [arXiv:astro-ph/9801234 [astro-
ph]].
[3] S. DeDeo, R. Caldwell and P. J. Steinhardt, Phys. Rev.
D 67 (2003), 103509 doi:10.1103/PhysRevD.67.103509
[arXiv:astro-ph/0301284 [astro-ph]].
[4] R. Bean and O. Dore, Phys. Rev. D 69 (2004),
083503 doi:10.1103/PhysRevD.69.083503 [arXiv:astro-
ph/0307100 [astro-ph]].
[5] S. Hannestad, Phys. Rev. D 71 (2005), 103519
doi:10.1103/PhysRevD.71.103519 [arXiv:astro-
ph/0504017 [astro-ph]].
[6] A. Mehrabi, S. Basilakos and F. Pace, Mon. Not.
Roy. Astron. Soc. 452 (2015) no.3, 2930-2939
doi:10.1093/mnras/stv1478 [arXiv:1504.01262 [astro-
ph.CO]].
[7] G. Gubitosi, F. Piazza and F. Vernizzi, JCAP
02 (2013), 032 doi:10.1088/1475-7516/2013/02/032
[arXiv:1210.0201 [hep-th]].
[8] L. Amendola et al., Living Rev. Rel. 21 (2018) no.1, 2
doi:10.1007/s41114-017-0010-3 [arXiv:1606.00180 [astro-
ph.CO]].
[9] P. Ade et al. [Planck], Astron. Astrophys. 594
(2016), A14 doi:10.1051/0004-6361/201525814
[arXiv:1502.01590 [astro-ph.CO]].
[10] J. B. Dent, S. Dutta and T. J. Weiler, Phys. Rev.
D 79 (2009), 023502 doi:10.1103/PhysRevD.79.023502
[arXiv:0806.3760 [astro-ph]].
[11] H. Velten and R. Fazolo, Phys. Rev. D 96 (2017)
no.8, 083502 doi:10.1103/PhysRevD.96.083502
[arXiv:1707.03224 [astro-ph.CO]].
[12] H. Velten, R. E. Fazolo, R. von Marttens and
S. Gomes, Phys. Rev. D 97 (2018) no.10, 103514
doi:10.1103/PhysRevD.97.103514 [arXiv:1803.10181
[astro-ph.CO]].
[13] D. Wands, K.A. Malik, D.H. Lyth, A.R. Liddle
Phys. Rev. D 62, 043527 (2000) doi: 10.1103/Phys-
RevD.62.043527 [arXiv:astro-ph/0003278].
[14] S. Weinberg, Phys. Rev. D 67, 123504 (2003)
doi:10.1103/PhysRevD.67.123504 [astro-ph/0302326].
[15] T. Padmanabhan, Phys. Rev. D 66, 021301 (2002)
doi:10.1103/PhysRevD.66.021301 [hep-th/0204150].
[16] R. A. Battye and J. A. Pearson, Phys. Rev. D 88
(2013) no.6, 061301 doi:10.1103/PhysRevD.88.061301
[arXiv:1306.1175 [astro-ph.CO]].
[17] R. A. Battye, A. Moss and J. A. Pearson, JCAP
04 (2015), 048 doi:10.1088/1475-7516/2015/04/048
[arXiv:1409.4650 [astro-ph.CO]].
[18] A. Lewis, A. Challinor and A. Lasenby, Astrophys. J.
538, 473 (2000) doi:10.1086/309179 [astro-ph/9911177].
[19] B. Sagredo, S. Nesseris and D. Sapone, Phys. Rev. D 98,
no. 8, 083543 (2018) doi:10.1103/PhysRevD.98.083543
[arXiv:1806.10822 [astro-ph.CO]].
[20] N. Aghanim et al. [Planck Collaboration],
arXiv:1807.06209 [astro-ph.CO].
[21] B. Ratra and P. J. E. Peebles, Phys. Rev. D 37, 3406
(1988). doi:10.1103/PhysRevD.37.3406
[22] R. Arjona, J. Garca-Bellido and S. Nesseris,
[arXiv:2006.01762 [astro-ph.CO]].
